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I have studied the forms of mycorrhizae and xerophytes to gain inspiration for a 
water system upgrade. This process of emulating natural forms and strategies is called 
biomimicry. The U.S. Forest Service is in the preliminary stages of an upgrade for an 
aging water system at the Prospector Campground in the White River National Forest.  
Forest Service engineers and designers will use my research as they redesign this system.  
I looked at over twenty plants to find adaptations that helped manage water 
efficiently.  I chose to study mycorrhizae and xerophytes because of their wide range and 
prevalence.  
Mycorrhiza is a symbiotic relationship between fungi and plants. Mycorrhizae are 
successful water absorbers because of their extensive surface area and ability to alter 
osmotic gradients. A branched system with appendages decreasing in size will increase 
the amount of water absorbed. A well built with these principles would increase water 
available to campers.  
Xerophytes are plants that thrive in low water environments. This is facilitated by 
many adaptations. A thick, waxy cuticle and small, low-density stomata reduce 
evaporation. Shedding of foliage saves water in times of drought. I suggest installing 
aerators with lower water flow on the spigots throughout the campground to reduce water 
use.  
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Preface	  	  	   My	   interest	   in	   biomimicry	   began	   in	   South	   Africa	   while	   studying	   abroad.	   I	  heard	   an	   introduction	   to	   the	   discipline	   given	   by	   a	   teacher	   at	   the	   Sustainability	  Institute	   in	   Stellenbosch	   and	   was	   immediately	   enthralled.	   I	   searched	   for	   more	  biomimicry	  when	   I	   retuned	   to	   Boulder	   but	   only	   found	   introductions.	   I	  wanted	   to	  learn	  how	  biomimicry	  was	  practiced.	  I	  wanted	  to	  do	  hands	  on	  research!	  	  This	   project	   came	   to	   my	   in	   a	   serendipitous	   manner.	   I	   wanted	   to	   pursue	  biomimicry	  and	  using	  my	  honors	  thesis	  to	  explore	  it	  further	  was	  ideal.	  	  Sarah	  Dawn	  Haynes	   from	   the	  Environmental	   Center	   at	   CU	  was	   able	   to	   connect	  me	   to	  Marie	   Z.	  Bourgeois	   who	   practices	   biomimicry	   with	   the	   Environmental	   Protection	   Agency.	  Marie	  graciously	  allowed	  me	  to	  join	  a	  project	  she	  is	  working	  on	  with	  the	  White	  River	  National	   Forest.	   It	   has	   been	   amazing	   to	  work	  with	   the	   U.S.	   Forest	   Service	   and	   so	  many	  professionals	  on	  this	  project.	  	  	   My	  advisors	  at	  CU,	  Dale	  Miller,	  Stephanie	  Mayer,	  and	  Franck	  Vernerey	  have	  been	   instrumental	   to	   my	   work	   and	   learning.	   Their	   guidance	   has	   allowed	   me	   to	  expand	  my	  work	  beyond	  my	  areas	  of	  knowledge	  and	  push	  into	  new	  disciplines.	  	  	   The	   Undergraduate	   Research	   Opportunity	   Program	   (UROP)	   also	   facilitated	  this	  research.	  With	  their	  generous	  grant	  I	  was	  able	  to	  devote	  more	  time	  and	  energy	  to	  my	  thesis.	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 “Biomimicry is learning from and  
then emulating natural forms,  
processes, and ecosystems to  
create more sustainable designs.” -­‐	  Janine	  M.	  Benyus,	  Biomimicry	  3.8	  	  
Introduction	  	  	   I	   have	   researched	   the	   forms	   of	   plants	   to	   provide	   suggestions	   for	   a	   water	  system	  update	   for	   the	  U.S.	   Forest	   Service.	   I	   explored	   the	   forms	   and	   physiology	   of	  over	  twenty	  plants	  and	  was	  particularly	  impressed	  with	  two,	  chosing	  the	  symbiotic	  relationship	   between	   fungi	   and	   plant	   roots	   (mycorrhizae)	   and	   the	   extraordinary	  water	   retention	   of	   xerophytes	   to	   investigate	   further.	   After	   thorough	   research	   I	  deduced	   principles	   of	   their	   success	   and	   then	   use	   the	   principles	   to	   suggest	  improvements	   to	   the	  current	  deteriorating	  water	  system.	  The	  practice	  of	  allowing	  years	   of	   evolution	   and	   research	   development	   to	   inspire	   designs	   is	   referred	   to	   as	  biomimicry,	  and	  was	  fundamental	  to	  the	  focus	  of	  my	  thesis.	  	  	   The	  Forest	  Service	  is	  seeking	  to	  develop	  nature-­‐based	  solutions	  for	  the	  water	  management	   system	   at	   the	   Prospector	   Campground	   in	   the	   White	   River	   National	  Forest,	  Colorado.	  The	  water	   is	  used	   in	  several	  campground	  water	  spigots	  and	   two	  small	  kitchen	  sinks.	  The	  current	  system	  is	  degrading	  and	  the	  Forest	  Service	  would	  like	  to	  reduce	  negative	  externalities	  on	  the	  watershed.	  	  Forest	  Service	  planners	  and	  engineers	  will	  reference	  this	  research	  in	  the	  redesign	  of	  this	  outdated	  water	  system.	  	  This	   project	   is	   significant	   because	   its	   success	   will	   encourage	   biomimicry-­‐based	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solutions	  to	  be	  considered	  for	  other	  projects	  undertaken	  by	  the	  Forest	  Service.	  	  An	  efficient	   system	   design	   can	   also	   be	   scaled	   to	   other	   campgrounds	   in	   the	   National	  Forests,	  as	  much	  of	  their	  infrastructure	  is	  also	  becoming	  outdated.	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Background	  
The	  National	  Forests	  hold	  much	  land	  in	  Colorado	  and	  how	  they	  choose	  to	  manage	  this	  land	  is	  significant.	  The	  Prospector	  Campground	  lies	  within	  the	  White	  River	  National	  Forest,	  where	  rainfall	  is	  low	  and	  high	  use	  of	  wells	  causes	  strain	  on	  the	  aquifers.	  Below	  I	  review	  the	  forest	  and	  site	  in	  question.	  	  
Colorado	  National	  Forests	  Water	  is	  a	  scarce	  resource	  in	  Colorado.	  	  Its	  use	  and	  management	  are	  of	  vital	  concern	   and	  much	   effort	   is	   exerted	   to	   ensure	   the	   sustainable	   use	   of	   this	   natural	  resource.	   The	   National	   Forest	   is	   a	   significant	   water	   consumer.	   The	   White	   River	  National	  Forest	   (Figure	  1)	   covers	  2.3	  million	  acres	  of	   land	   in	  Colorado.	  The	   forest	  has	  over	  10	  million	  guests	  a	  year,	  making	  it	  the	  most	  visited	  recreation	  forest	  in	  the	  nation	  (FS).	  This	  is	  due	  to	  many	  factors	  including	  its	  close	  proximity	  to	  the	  highway	  I-­‐70,	   easy	   access	   to	   many	   trails	   and	   mountaineering,	   as	   well	   as	   many	   mountain	  towns.	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Figure	  1:	  Map	  of	  the	  White	  River	  National	  Forest.	  From	  the	  Forest	  Service	  Website	  Of	   particular	   concern	   to	   the	   Forest	   Service	   is	   the	   use	   of	   water	   at	   their	  campsites	  around	  the	  state.	  The	  Dillon	  Ranger	  District,	  located	  on	  the	  East	  end	  of	  the	  Rockies,	   has	   444	   campsites	   (Zanowick,	   M.,	   Personal	   Communication,	   October	   15,	  2014).	  There	  are	  four	  campgrounds	  in	  the	  Dillon	  Ranger	  district:	  Heaton	  Bay,	  Peak	  One/	  Pine	  Cove,	  Prospector,	  and	  Cow	  Creek.	  	  
The	  Prospector	  Campground	   	  	   My	  research	  focused	  on	  the	  Prospector	  Campground	  within	  the	  Dillon	  Ranger	  District.	   	   This	   campground	   is	   located	   approximately	   70	   miles	   from	   Denver.	   See	  Figures	  2	  and	  3.	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Figure	  2:	  Map	  of	  the	  Prospector	  Campground,	  from	  Google	  Maps.	  
	  
Figure	  3:	  Map	  of	  the	  Prospector	  Campground,	  from	  Google	  Maps	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The	  elevation	  of	  the	  site	  is	  approximately	  9,000	  feet	  and	  within	  the	  campground	  there	   is	   an	   elevation	   change	  of	  800	   feet	   (“PROSPECTOR,	  CO,”	  n.d.)	   (H.	  Boaz,	  Personal	  Communication,	   December	   28,	   2014).	   The	   precipitation	   ranges	   from	   10	   to	   30	   inches	  per	   year,	   with	   three	   to	   four	   inches	   falling	   in	   summer	   months	   on	   average	   (“Summit	  County,	   CO	  Weather,”	   n.d.).	   	   	   See	   Figure	   4.	   The	   soil	   on	   site	   has	   a	   high	   percentage	   of	  gravel	  allowing	  for	  rapid	  recharge	  of	  ground	  water	  (H.	  Boaz,	  Personal	  Communication,	  December	  28,	  2014).	  
	  
Figure	  4:	  Monthly	  precipitation	  in	  Summit	  County,	  from	  usa.com	  	   	  	   I	  was	  not	  able	  to	  obtain	  exact	  water	  use	  data	  for	  the	  Prospector	  Campground.	  	  However,	   I	   extrapolated	   use	   and	   suggested	   design	   flows	   from	  national	   data.	   	   The	  highest	  numbers	  of	  guests	  visit	  National	  Forests	  in	  the	  Southern	  Rocky	  Mountains	  in	  July	   and	  August,	  with	   the	  highest	  water	  use	   in	   June	   (Figure	  5)	   (Snodgrass,	   2007).	  Campground	  water	  systems	  should	  be	  designed	  to	  provide	  overnight	  visitors	  with	  ten	  gallons	  of	  water	  per	  day	  (Figure	  6)(Snodgrass,	  2007).	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Figure	  5:	  Current	  and	  suggested	  average	  daily	  design	  flows,	  from	  Snodgrass,	  2007	  
	  
Figure	  6:	  Current	  and	  suggested	  average	  daily	  design	  flows,	  from	  Snodgrass,	  2007	  	   	  Although	  the	  campground	  lies	  within	  close	  proximity	  to	  the	  Dillon	  Reservoir,	  the	   water	   is	   not	   available	   for	   consumption	   as	   the	   rights	   to	   the	   water	   in	   Dillon	  Reservoir	   belong	   to	   the	   city	   of	   Denver.	   	   Water	   used	   by	   visitors	   comes	   from	   the	  Lowry	  well	  located	  half	  a	  mile	  from	  the	  campground.	  Constructed	  in	  1963,	  the	  well	  taps	   into	   an	   unconfined	   aquifer	   in	   the	   area.	   This	   unconfined	   aquifer	   is	   recharged	  annually	   and	   reaches	   varying	   depths	  with	   a	  maximum	   of	   100	   feet.	   	   The	   confined	  aquifer,	   which	   lies	   beneath	   an	   impermeable	   layer,	   is	   contaminated	   with	   heavy	  metals	  and	  is	  not	  utilized	  at	  this	  site.	  	  Rainwater	  is	  not	  developed	  for	  human	  use	  for	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two	   reasons:	   primarily,	   it	   contains	   higher	   and	   more	   variant	   levels	   of	   pollutants.	  These	   can	   include	   debris,	   volatile	   organic	   chemicals,	   synthetic	   organic	   chemicals,	  minerals,	   metals,	   and	   microbiological	   contaminants	   (White,	   &	   Soward,	   2007).	  Treatment	   would	   be	   intensive	   and	   expensive.	   Secondly,	   Colorado	   water	   law	  mandates	  that	  water	  not	  be	  deterred	  from	  its	  natural	  flow	  into	  a	  river	  (M.	  Squillace,	  personal	  communication,	  February	  5,	  2015).	  	  
Existing	  Water	  System	  	   The	   water	   from	   the	   Lowry	   well	   is	   treated	   at	   the	   source;	   high	   iron	   levels	  remain	  despite	  filtration	  and	  chlorination.	  Following	  chlorination,	  water	  is	  pumped	  into	   two	   750-­‐gallon	   tanks,	   then	   one	   5,000-­‐gallon	   fiberglass	   storage	   tank	  underground	  close	  to	  the	  campground.	  	  This	  is	  the	  tank	  from	  which	  water	  is	  drawn	  when	  spigots	  are	  in	  use.	  There	  is	  an	  estimated	  five	  to	  six	  miles	  of	  ¾	  in,	  PVC	  piping	  underground,	   which	   was	   installed	   in	   the	   mid	   1990s	   (H.	   Boaz,	   Personal	  Communication,	  December	  28,	  2014).	  	   The	  Prospector	  campground	  hosts	  107	   individual	  campsites.	  The	  water	   from	  the	  Lowry	  well	  is	  utilized	  by	  a	  few	  campground	  water	  spigots	  and	  two	  small	  kitchen	  sinks.	  The	  miles	  of	  water	  lines	  that	  run	  throughout	  the	  campground	  need	  replacing.	  In	  addition,	  in	  2010	  a	  steel	  holding	  tank	  rusted,	  causing	  damage	  (Berwyn,	  2010).	  In	  2002	   and	   2012	   the	   well	   ran	   dry	   and	   was	   unable	   to	   provide	   water	   to	   campers	  (Berwyn,	   2012).	   During	   these	   times	  many	   campsites	   had	  water	   transported	   from	  Dillon	  and	   recreational	  users	  were	  asked	   to	  bring	  water	   from	  home.	  The	  dry	  well	  resulted	   from	   a	   50	   ft.	   drop	   in	   the	   water	   table,	   likely	   caused	   by	   local	   drought	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(Berwyn,	   2012).	   Because	   of	   climate	   change	   and	   a	   possible	   increase	   in	   drought	  frequency,	   the	   Lowry	  well	   is	   unreliable	   for	   future	  water	   supply.	   Another	   drought	  could	   leave	   the	   campgrounds	   without	   water	   for	   another	   season,	   and	   this	  uncertainty	  has	  caused	  the	  Forest	  Service	  to	  explore	  other	  options	  to	  provide	  water	  to	  visitors.	  
	  	  
Considerations	  for	  System	  Changes	  	  National	   Forests	   are	  mandated	   by	   their	   charter	   to	   “secure	   favorable	  water	  flow”,	   this	   means	   managing	   forest	   land	   to	   insure	   water	   sheds	   are	   not	   negatively	  impacted	  and	  the	  flow	  of	  water	  into	  rivers	  and	  tributaries	  is	  not	  disrupted	  (Glasser,	  2005).	   	  As	   the	  Forest	  Service	  upgrades	  water	  systems	   in	   the	  White	  River	  National	  Forest	   the	   effects	   on	   the	   watershed	   and	   water	   flows	   will	   be	   considered.	   	   An	  extensive	   ecological	   impact	   assessment	   will	   be	   completed	   before	   the	  implementation	   of	   any	   designs	   to	   determine	   any	   negative	   externalities	   that	   may	  arise.	   	   Along	   with	   watershed	   health,	   the	   Forest	   Service	   is	   also	   interested	   in	  implementing	  Biomimicry	  into	  the	  solutions	  at	  the	  Prospector	  Campground.	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Biomimicry	  	   Biomimicry	  is	  the	  process	  of	  emulating	  nature’s	  strategies	  and	  processes	  that	  have	  been	  perfected	  over	  millions	  of	  years	  for	  human	  applications	  and	  designs.	  The	  word	   stems	   from	   the	   Greek	   words	   bios	   meaning	   life,	   and	   mimesis,	   meaning	  imitation.	   Companies	   spend	   millions	   of	   dollars	   on	   research	   and	   development	   of	  designs	  that	  are	  efficient,	  low	  waste,	  and	  low	  impact.	  Over	  the	  last	  3.8	  billion	  years	  the	   Earth’s	   inhabitants	   evolved	   to	   changing	   conditions,	   perfecting	   efficiency.	   By	  mimicking	   these	   ‘earth-­‐savvy’	   designs,	   humans	   can	   leapfrog	   technologies	   in	   the	  fields	  of	  energy,	  agriculture,	  architecture,	  transportation,	  chemistry,	  and	  others.	  	  Humans	   have	   been	   practicing	   biomimicry	   for	   hundreds	   of	   years	   but	   only	  recently	   has	   the	   term	   come	   into	   favor.	   Janine	   Benyus	  popularized	   the	   term	  “biomimicry”	   in	   her	   book	  Biomimicry:	   Innovation	   Inspired	  by	  Nature,	   published	   in	  1997	  (Biomimicry	  3.8).	   	  The	  concept	  of	  replicating	  designs	  inspired	  by	  nature	  also	  falls	   within	   other	   fields	   used	   by	   different	   industries.	   Biomimetics,	   Bio-­‐inspired	  design,	   and	   Bionics	   are	   other	   areas	   utilizing	   principles	   similar	   to	   Biomimicry	  (Vincent,	  2009).	  With	  increasing	  knowledge	  and	  technology	  we	  have	  the	  ability	  and	  drive	  to	  imitate	  not	  only	  the	  products	  of	  nature,	  but	  also	  the	  processes	  and	  materials	  (Reed,	  2004).	  The	  increased	  network	  between	  scientists	  and	  researchers	  facilitates	  the	   development	   of	   biomimicry	   (Volstad	  &	  Boks,	   2012).	   There	   are	   three	   different	  levels	   of	   biomimicry	   that	   designers	   can	   focus	   on;	   these	   are	   form,	   process,	   and	  system.	   I	   will	   explain	   these	   further	   and	   provide	   many	   examples	   in	   upcoming	  sections.	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How	  Biomimicry	  is	  Unique	  	   It	  is	  important	  to	  note	  the	  difference	  between	  biomimicry	  and	  bioutilization	  or	   utilizing	   natural	   materials.	   Bioutilization	   uses	   organisms	   and	   processes	   to	  perform	  functions	  within	  built	  systems,	  for	  example,	  the	  Amazon	  Mycoremediation	  Project	  uses	  fungi	  to	  remediate	  oil	  spills	  that	  are	  polluting	  natural	  waterways	  (“The	  Amazon	   Mycorenewal	   Project,”	   n.d.).	   This	   group	   of	   scientists	   is	   utilizing	   fungi	   in	  their	   constructed	   system	   to	   breakdown	   hydrocarbons	   in	   the	   water.	   Another	  example	   of	   bioutilization	   is	   constructed	   wetlands,	   which	   filter	   water	   using	   a	  combination	  of	  plants	  and	  bacteria.	  During	  the	  filtration	  process,	  suspended	  solids	  settle	   to	   the	   bottom,	   and	   other	   pollutants	   break	   down	   or	   are	   absorbed	   by	   plants	  (Constructed	   Treatment	  Wetlands).	   A	   constructed	   wetland	   site	   may	   be	   set	   up	   to	  treat	  storm	  runoff,	  agricultural	  runoff,	  sewage,	  mine	  drainage,	  etc.	  so	  that	  the	  water	  downstream	   is	   unaffected	   by	   hazardous	   runoff.	   In	   this	   example	   the	   plants	   and	  bacteria	   are	   being	   used	   directly	   in	   the	   design.	   Another	   common	   but	   inaccurate	  association	  with	  biomimicry	  is	  utilizing	  sustainably	  harvested	  and	  natural	  products,	  such	  as	  bamboo	  as	  a	  sustainable	  building	  material	  (Van	  der	  Lugt,	  2006).	  This	  would	  not	  be	  biomimicry	  because	  the	  design	  of	  the	  house	  is	  likely	  traditional,	  not	  modeled	  after	   nature.	   Bioutilization	   and	   sustainable	   inputs	   are	   also	   important	   to	   the	  development	  of	  a	  sustainable	  future	  but	  will	  not	  be	  the	  focus	  of	  my	  research.	  
Three	  Levels	  of	  Biomimicry	  	   Janine	   Benyus	   describes	   three	   levels	   on	   which	   to	   practice	   biomimicry	  (Biomimicry	  3.8).	  	  They	  are	  all	  useful	  when	  designing	  and,	  in	  combination,	  yield	  the	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most	  sustainable	  results.	  	  
Level	  One	  The	   first	   level	   is	   the	   emulation	   of	   natural	   form.	   An	   example	   is	   designing	   a	  wind	   turbine	   like	   a	  wing	   to	  maximize	  wind	   catchment.	   Inspiration	   for	   innovative	  physical	   designs	   can	   arise	   from	   observing	   these	   successful	   forms	   developed	   by	  nature.	  	  
Level	  Two	  Benyus’	   second	   level	   of	   biomimicry	   describes	   emulating	   the	   natural	  processes	  of	  nature.	  The	  industrial	  revolution	  began	  our	  dependence	  on	  high	  heat,	  high	  pressure,	  chemicals	  and	  energy	  for	  production,	  and	  is	  a	  stark	  juxtaposition	  to	  fabrication	  found	  in	  the	  natural	  environment.	  For	  example,	  a	  growing	  feather	  uses	  inputs	  that	  are	  common	  elements	  and	  harvested	  locally	  by	  a	  bird.	  When	  the	  feather	  drops	  it	  will	  decompose	  and	  the	  materials	  will	  return	  to	  the	  cycle	  of	  resources	  to	  be	  used	  by	  other	  organisms.	  The	  energy	  used	  by	  the	  bird	  originates	  from	  the	  sun	  and	  the	   local	   food	   it	   consumes;	   there	   are	   no	   negative	   environmental	   externalities.	   A	  human	   made	   feather	   would	   likely	   require	   many	   petroleum	   based	   products,	  adhesives,	  and	  waste.	  This	  feather	  would	  likely	  not	  be	  decomposable	  and	  end	  up	  in	  a	   landfill.	   Emulating	   the	   principles	   of	   local	   sourcing,	   zero	   waste,	   solar	   powered,	  closed	  loop	  systems,	  and	  multiple	  functions	  for	  each	  form,	  would	  be	  a	  tremendous	  step	  for	  human	  manufacturing	  and	  design.	  	  Chemists	  around	  the	  world	  are	  taking	  up	  this	  challenge.	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Level	  Three	  The	  final	  level	  of	  Benyus’	  biomimicry	  practice	  is	  the	  emulation	  of	  the	  system.	  At	  a	  landscape	  scale	  we	  see	  a	  collaboration	  of	  organisms	  and	  natural	  processes	  that	  work	   harmoniously	   to	   produce	   an	   environment	   conducive	   to	   life.	   Scientists	   study	  the	  equilibrium	  in	  habitats,	  biomes,	  and	  the	  world	  to	  learn	  how	  stable,	  resilient	  life	  is	  achieved.	  In	  the	  context	  of	  biomimicry,	  all	  levels	  of	  design	  and	  manufacturing	  are	  considered	  to	  ensure	  a	  product	  is	  sustainable	  and	  beneficial	  to	  life.	  Scaled	  to	  human	  design,	  an	  example	  would	  be	  a	  manufacturing	  plant	  operating	  on	  renewable	  energy	  and	  whose	   employees	   are	   treated	  humanely.	   This	   plant	  would	  have	   a	   closed	   loop	  system,	  where	  its	  waste	  products	  are	  used	  by	  a	  neighboring	  industry	  and	  not	  sent	  to	  a	   landfill.	  This	   third	   level	  of	  design	   is	   less	  commonly	  practiced	  and	  more	  abstract,	  but	   Benyus	   stresses	   its	   importance	   if	   the	  world	   is	   to	   continue	   to	   support	   all	   life,	  including	  humans.	  	  
Because	  of	  the	  vast	  inputs	  and	  complexity	  of	  designing	  on	  this	  level,	  I	  will	  be	  concentrating	  my	   research	   on	   the	   first	   two,	   looking	   at	   the	   forms	   and	   functions	   of	  plants	   to	   learn	   how	   they	   physically	   handle	   water.	   This	   system	   level	   approach	   is	  something	   to	   be	   carried	   out	   at	   a	   later	   stage	   in	   the	   design	   process	   by	   the	   Forest	  Service	  engineers	  and	  administration.	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Examples	  and	  Cutting	  Edge	  Research	  	   One	   of	   the	   best-­‐known	   biomimicry	   implementations	   is	   Velcro.	   George	   de	  Mestral,	  a	  Swiss	  engineer	  inspired	  by	  nature,	  created	  this	  product	  in	  the	  1940s.	  The	  small	  hooks	  on	  one	  side	  of	  Velcro	  catch	  onto	  the	   loops	  of	   the	  other,	  emulating	  the	  dispersion	   technique	  of	   the	  burdock	  burr	   (Reed,	   2004).	   The	  burrs	   of	   the	  burdock	  burr	   are	   covered	   in	   many	   small	   strong	   hooks	   that	   catch	   on	   fur	   and	   clothing	   of	  passing	  organisms	  (Hooked	  on	  Innovation).	  This	   innovation	  was	  developed	  before	  the	  age	  of	  “biomimicry”	  but	  an	  engineer	  was	  able	  to	  see	  the	  genius	  and	  simplicity	  of	  the	  burdock	  burr’s	  cohesion	  method.	  	  Velcro	  uses	  one	  sheet	  of	  small	  hooks	  that	  link	  through	  the	  small	  loops	  on	  the	  other	  sheet,	  holding	  the	  pieces	  firmly	  together	  with	  no	  probability	  of	  jamming.	  In	  this	  example	  the	  form	  of	  the	  burr’s	  appendages	  were	  replicated.	  	  
The	   information	  and	  communication	  technologies	   industry	  uses	  energy	  and	  resources	  and	  creates	  waste	  at	  a	  tremendous	  rate.	  This	  industry	  faces	  a	  challenge	  to	  reduce	   its	   environmental	   impact	   in	   terms	   of	   carbon	   emissions,	   radio	   wave	  discharges,	  waste,	  technological	  pollution,	  energy,	  and	  resources.	  The	  Climate	  Group	  accepted	  the	  challenge	  of	  applying	  nature’s	  processes	  to	  this	  industry	  with	  the	  goal	  of	   reducing	   the	   mass	   of	   negative	   externalities	   (Drouant,	   2014).	   They	   used	   ten	  strategies	  listed	  in	  Benyus’	  book,	  Biomimicry.	  	  
1.	  Use	  waste	  as	  a	  resource.	  2.	  Diversify	  and	  cooperate	  to	  fully	  use	  the	  habitat.	  	  3.	  Gather	  and	  use	  energy	  efficiently.	  4.	  Optimize	  rather	  than	  maximize.	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5.	  Use	  materials	  sparingly.	  6.	  Don’t	  foul	  your	  nest.	  7.	  Don’t	  draw	  down	  resources.	  8.	  Remain	  in	  balance	  with	  the	  biosphere.	  9.	  Run	  on	  information.	  	  10.	  Shop	  locally.	  	  	  
In	   order	   to	   use	  waste	   as	   an	   input	   the	  Climate	  Group	  had	   to	   reevaluate	   the	  inputs	   to	   IT	   designs	   and	   the	   system	   itself.	   They	   selected	   electronic	   equipment,	  which	  would	   be	   dismantled	   to	   be	   recycled	   into	   other	   devices.	   A	   good	   example	   is	  using	  old	  metals	  from	  phones	  to	  build	  new	  phones	  and	  other	  devices.	  Additionally,	  with	   the	   use	   of	   energy,	   heat	   is	   produced.	   The	   designers	   with	   Climate	   Group	  suggested	   using	   waste	   heat	   from	   data	   centers	   to	   heat	   buildings.	   These	   are	   both	  examples	   of	   closed	   loop	   systems,	   found	   universally	   in	   nature	   (Drouant,	   2014).	  Waste	   metal	   and	   heat	   were	   un-­‐utilized	   outputs,	   which	   now	   are	   harvested	   and	  consumed	  productively.	  This	  is	  a	  prime	  example	  of	  biomimicry.	  	  
Another	   highly	   regarded	   biological	  material	   is	   spider	   silk.	   It	   is	   three	   times	  stronger	  than	  steel,	  and	  highly	  flexible.	  Because	  harvesting	  spider	  silk	  is	  unfeasible,	  much	   research	   and	   development	   has	   been	   invested	   in	   studying	   the	   proteins	   in	  spider	   silk	  and	   its	   self-­‐assembling	  ability	   (Keoopmans,	  2008).	  Perez-­‐	  Rigueiro	  and	  his	   colleagues	   study	   the	   glandular	   system	   which	   produces	   the	   silk	   in	   benign	  conditions-­‐	  moderate	   temperature	   and	   neutral	   Ph	   levels.	   This	   information	   can	   be	  used	   to	   develop	   strong	   fibers	   for	   biomedical	   devices,	   needed	   to	   repair	   eyes	   and	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ligaments.	   Spider	   silk	   is	   another	   replication	   of	   biological	   form.	   There	   are	   endless	  examples	  of	  successful	  biomimicry	  applications	  and	  innovations.	  	  
Biomimicry	  in	  Water	  Systems	  	   	   As	  a	  necessary	  and	  scarce	  resource,	  water	  has	  been	  the	  target	  of	  much	  biomimicry	   research.	   Many	   studies	   throughout	   the	   world	   search	   for	   answers	   to	  water	  shortage	  issues.	  	  	  
Biomimicry	   Institute’s	   annual	   student	   design	   challenge	   for	   college	   and	  university	   students	   designed	   to	   combat	   a	   pressing	   world	   issue.	   The	   2012-­‐2013-­‐design	   challenge	   focused	   on	   water,	   “Biomimetic	   Solutions	   to	   Water	   Access	   &	  Management.”	   Twenty-­‐eight	   student	   groups	   submitted	   designs	   in	   response	   to	   the	  challenge,	  all	  designed	  to	  solve	  water	  issues	  locally	  or	  globally1.	  	  
One	  group	  of	  student	  designers	  set	  out	  to	  solve	  the	  problem	  of	  extreme	  water	  variability	   in	  Britain.	  Benny	  Day,	  Zainab	  Khan,	  Tess	  Outram,	  and	  Tsz	  Chun	  (David)	  Lam	  designed	  an	  artistic	  water	  storage	  system	  where	  living	  organisms	  could	  thrive	  on	  excess	  water	  in	  an	  urban	  environment	  (“ISP	  Eco	  (Intercept,	  Store	  and	  Prevent),”	  n.d.).	   They	   emulated	   the	   form	  of	   the	   bromeliad	   plants	   to	   harvest	   and	   store	  water	  (Figure	  7).	  	  In	  their	  design,	  the	  first	  stage	  of	  water	  management	  is	  harvesting	  by	  the	  dispersed	   structure	   above	   the	   roof.	   It	   reflects	   the	   phyllotactic	   spirals	   of	   the	  Bromeliad	  plant.	  These	  spirals	  can	  be	  seen	  in	  Figure	  7.	  They	  are	  closely	  grown,	  flat	  leaves	   angled	   upwards.	   These	   spirals	   collect	   the	   water	   in	   a	   shallow	   basin-­‐like	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  1	  The	  projects	  can	  be	  viewed	  at	  2012.biomimicrydesignchallenge.com.	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structure.	  	  In	  the	  design(	  see	  Figure	  6)	  after	  initial	  collection,	  the	  excess	  water	  then	  passes	   down	   into	   the	   vacuole	   styled	   tanks	  which,	  when	   full,	  will	   distribute	  water	  throughout	  a	  system	  of	   tubes.	   	  Water	  shelves	  will	  periodically	  be	  placed	  along	  the	  water	   holding	   tubes,	   where	   plants	   can	   live	   and	   provide	   habitats	   for	   micro-­‐ecosystems.	  The	  water	  shelves	  can	  be	  seen	  in	  beneath	  the	  foliage	  growths	  in	  Figure	  8.	   	  
	  
















Figure	  8:	  Student's	  design	  sketch	  for	  water	  management,	  from	  biomimicrydesignchallenge.com	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Another	   example	   comes	   from	   researchers	   at	   the	  Massachusetts	   Institute	  of	  Technology	  who	  are	  designing	  mesh	  netting	  that	  emulates	  the	  back	  of	  the	  Stenocara	  beetle	   found	   in	   the	  Namib	  Desert.	   In	   the	  Namib	  Desert	  annual	   rainfall	   is	   less	   than	  one	  inch	  on	  average	  and	  fog	   is	  the	  primary	  source	  of	  water	  (Summers,	  2004).	  The	  fog	  droplets	  range	  in	  size	  between	  1	  and	  40	  μm	  in	  diameter.	  Special	  adaptations	  are	  required	   to	  harvest	   this	  moisture	   from	   the	  air	   (Garrod	  et	   al.,	   2007),	  which	   can	  be	  found	  on	   the	  Stenocara	  beetle.	  The	  Stenocara	  beetle’s	   skin	  has	  many	  small	  bumps	  that	  cause	  moisture	  in	  the	  air	  to	  condense	  and	  form	  droplets,	  which	  then	  run	  into	  its	  mouth.	   The	   bumps	   are	   hydrophilic,	   meaning	   water	   easily	   adheres	   to	   them,	   and	  around	  0.5	  mm	  in	  size.	  The	  bumps	  are	  arranged	  0.5-­‐1.5	  mm	  apart	  and	  surrounded	  by	  hydrophobic	  wax,	  meaning	  water	  is	  repelled	  in	  these	  areas	  (Garrod	  et	  al.,	  2007).	  	  As	  the	  fog’s	  micro	  drops	  gather	  on	  the	  hydrophilic	  features	  they	  gain	  mass	  until	  they	  dislodge	  and	  roll	   through	   the	  waxy	  matrix	   to	   the	  mouth	  of	   the	  beetle	  (Dorrer	  and	  Ru	  ̈he,	  2008).	  See	  Figure	  9.	  
	  
Figure	  9:	  An	  illustration	  of	  the	  hydrophobic	  bumps	  on	  the	  beetle's	  back.	  From	  asknature.org	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The	  mesh	  prototype	  MIT	   is	  designing	   similarly	   contains	  bumps	   that	  attract	  water	  and	  troughs	  that	  repel	  water.	  This	  causes	  the	  water	  in	  the	  air	  to	  condense	  on	  the	   bumps	   and	   move	   quickly	   down	   the	   troughs	   (Dizikes,	   2011).	   There	   is	   also	  research	   done	   by	   Garrod	   and	   his	   colleagues	   that	   has	   identified	   the	  most	   efficient	  materials	   for	   the	   mesh.	   CF4	   plasma-­‐fluorinated	   polybutadiene	   and	   O2	   plasma	  etched	  poly	  (tetrafluoroethylene)	  are	   ideal	  hydrophobic	  background	  materials	  and	  super	   hydrophilic	   poly	   (4-­‐vinyl	   py-­‐	   ridine)	   is	   the	   ideal	   hydrophilic	   material	   for	  collecting	   fog	   moisture	   (2007).	   This	   research	   can	   be	   used	   to	   create	   an	   efficient	  water	  collection	  system.	  	  
FogQuest,	   a	   Canadian	   charity,	   currently	   installs	   fog	   catchment	   nets	   in	  developing	   countries.	   	   Their	   nets	   capture	   an	   average	   of	   200	   liters	   of	  water	   a	   day	  throughout	   the	   year	  with	   a	   40	   square-­‐meter	   collecting	   surface	   in	   the	   appropriate	  environment	   (FogQuest).	   Biomimicry	   research	   on	   the	   Namib	   beetle’s	   unique	  strategy	  of	  harvesting	  air	  moisture	  could	  greatly	  increase	  FogQuest’s	  success.	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Methods	  
The	  biomimicry	  process	  is	  long	  and	  many	  players	  are	  involved.	  It	  begins	  with	  identifying	  the	  problem	  and	  then	  finding	  organisms	  that	  solve	  this	  problem	  in	  their	  environments.	  After	   these	  organisms	  have	  been	   identified	   they	  need	   to	  be	  studied	  extensively	   to	   recognize	   the	   methods	   by	   which	   they	   deal	   with	   the	   identified	  problems.	  After	  these	  principles	  and	  methods	  have	  been	  studied	  they	  can	  be	  used	  to	  inspire	   design	   that	   mimicry	   the	   natural	   forms	   or	   systems.	   	   The	   problem	   at	   the	  Prospector	  Campsite	  was	  campers	  being	  without	  water,	  the	  questions	  that	  I	  needed	  to	   ask	   were:	   “how	   can	  we	   increase	   access	   to	   water?”	   and	   “how	   can	  we	   decrease	  water	  use?”	  After	  asking	  these	  questions	  I	  began	  my	  search	  for	  plants	  that	  accessed	  lots	  of	  water	  and	  that	  used	  water	  efficiently.	  	  The	  most	  common	  natural	  methods	   for	  managing	  water	  are	   the	   techniques	  that	  have	  survived	  years	  of	  natural	  selection.	  Studying	  these	  proven	  methods	  is	  an	  effective	   way	   to	   derive	   inspiration	   for	   water	   system	   designs.	   Therefore,	   when	  choosing	   forms	   to	   study,	   I	   looked	   to	   those	   commonly	   found.	   	   Reviewing	   plant	  anatomy	   and	   physiology	  was	   the	   first	   step	   to	   identifying	   common	   taxa	   and	   plant	  appendages	   that	   absorb	   and	   use	   water	   efficiently.	   I	   looked	   through	   textbooks,	  encyclopedias,	  and	  the	  Internet	  to	  find	  22	  taxa	  and	  parts	  of	  plants	  that	  are	  effective	  at,	  or	  aid	  in,	  managing	  water.	  	  	  Of	  those	  I	  chose	  to	  study	  mycorrhizae	  and	  xerophyte	  plants	  because	  of	  their	  prevalence	   around	   the	   world.	   Mycorrhiza	   is	   the	   symbiotic	   relationship	   between	  plant	   roots	   and	   fungi,	   it	   present	   in	   approximately	   70%	   of	   plants.	   Xerophytes	   are	  plants	   that	   thrive	   in	   low	   water	   environments	   and	   are	   found	   worldwide.	   	   Their	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abundances	  indicate	  their	  success	  and	  efficiency.	  These	  were	  also	  organisms	  with	  an	  abundance	  of	  research	  and	  about	  which	  I	  had	  some	  prior	  knowledge.	  	  	  	   In	   order	   to	   gain	   as	  much	   information	   regarding	   the	   anatomy	  of	   plants	   and	  appendages	  as	  possible,	   I	   reviewed	  many	  peer-­‐reviewed	  articles,	   in	  the	  traditional	  manner	  and	  as	  I	  began	  to	  uncover	  the	  ways	   in	  which	  mycorrhizae	  and	  xerophytes	  absorbed	  and	  used	  water,	  my	  research	  became	  more	  specific.	   I	  then	  translated	  my	  findings	  into	  simple	  principles	  that	  are	  clear	  for	  designers	  and	  engineers.	  There	  is	  a	  transformation	  that	  must	  occur	  to	  move	  from	  a	  biology	  study	  to	  a	  design	  solution.	  I	  collected	  the	  biological	   information	  and	  facilitated	  this	   transformation.	  My	  desired	  output	   is	   a	   conglomeration	   of	   design	   principles,	   which	   can	   be	   referenced	   by	  engineers	  and	  designers	  when	  designing	  the	  campground	  water	  system.	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Results	  of	  My	  Research	  
	   Because	  water	  shortage	  has	  been	  a	  problem	  at	  the	  Prospector	  Campground	  and	  will	   likely	  continue,	  I	  decided	  to	  research	  a	  symbiotic	  relationship	  that	  greatly	  increases	  a	  plant’s	  ability	  to	  absorb	  water	  out	  of	  the	  soil.	   I	  also	  studied	  plants	  that	  thrive	  in	  low	  water	  environments	  to	  learn	  about	  their	  methods	  of	  efficiency.	  	  
Mycorrhizae	  	   Mycorrhizae	   can	   simply	   be	   defined	   as	   the	   symbiotic	   relationship	   between	  plant	  roots	  and	  fungi	  (Raven,	  1981).	  The	  hyphae	  of	  the	  fungi	  serve	  as	  an	  extension	  of	   the	   roots	   to	   aid	   in	   absorption	   (Figure	   10).	   This	   relationship	   is	   present	   in	   over	  70%	   of	   all	   land	   plant	   species	   including	   all	   gymnosperms	   and	   most	   angiosperms	  (Hodson	   and	   Bryant,	   2012)	   (Parniske,	   2008).	   As	   a	   symbiotic	   mutualistic	  relationship,	   mycorrhizae	   offer	   benefits	   to	   both	   the	   plant	   and	   fungus.	   The	  macrosymbiont	  benefits	  from	  an	  increase	  in	  water	  and	  nutrients	  from	  the	  soil	  such	  as	  Oxygen,	  Nitrogen,	  and	  Phosphorous	  as	  well	  as	  an	  increase	  in	  pathogen	  resistance	  (Davies,	   n.d.)	   (Garg	   &	   Chandel,	   2010).	   The	  microsymbiont	   benefits	   from	   a	   steady	  supply	   of	   carbon	   needed	   for	   growth	   (Davies,	   n.d.).	   	   This	   carbon	   is	   created	   as	   a	  product	  of	  photosynthesis.	  An	  increased	  resistance	  to	  drought	  has	  been	  observed	  in	  plants	  with	  mycorrhizae	  relationships	  (Davies	  et	  al.,	  1996).	  The	  exact	  cause	  of	  this	  resistance	   is	   not	   confirmed.	   	   There	   are	   a	   number	   of	   factors,	   which	   likely	   all	  contribute	   to	   this	  observation.	  This	   increase	   in	   resistance	  can	  be	  attributed	   to	   the	  transfer	  of	  water	  from	  the	  hyphae	  to	  the	  plant	  and	  an	  increase	  in	  plant	  health	  due	  to	  the	  increased	  nutrient.	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Figure	  10:	  Image	  of	  mycorrhizae.	  Hyphae	  growth	  can	  be	  seen	  off	  plant	  roots.	  From	  
planthealthproducts.com	  	   	  Mycorrhizae	  are	  commonly	  grouped	   into	   two	  main	   types:	  ectomycorrhizae	  and	  endomycorrhizae.	  They	  are	  distinguishable	  based	  on	  the	  method	  by	  which	  the	  fungi’s	  hyphae	  interact	  with	  plant	  root	  cells.	  The	  hyphae	  of	  ectomycorrhizae	  do	  not	  penetrate	  the	  cells	  within	  the	  root	  but	  simply	  surround	  the	  cells.	  The	  hyphae	  of	  the	  endomycorrhizae	  penetrate	   the	  cell	  wall	  and	  cell	  membrane	  of	   the	  root	   (Harley	  &	  Smith,	  1983).	  	  
Plant	  Root	  Absorption	  	  	   Plants	   absorb	   water	   and	   nutrients	   from	   the	   soil	   even	   in	   the	   absence	   of	  mycorrhizae.	  	  The	  soil	  in	  close	  proximity	  to	  the	  roots	  is	  called	  the	  rhizosphere;	  this	  is	  where	  the	  exchange	  of	  substances	  takes	  place	  (Suresh,	  &	  Bagyaraj,	  2002).	  	  Water	  moves	   into	   the	   roots	   from	   the	   soil	   though	  root	  hairs.	  Root	  hairs	  are	  extensions	  of	  epidermal	  cells	  (Hodson	  and	  Bryant,	  2012).	  Root	  hairs	  increase	  absorption	  capacity	  
	  	   25	  
through	  an	  increase	  in	  surface	  area.	  Osmosis	  causes	  water	  to	  flow	  into	  the	  roots	  of	  plants;	  water	  flows	  from	  areas	  of	  high	  osmotic	  pressure	  to	  low.	  Water	  is	  then	  drawn	  up	   the	   xylem	   of	   plants	   by	   the	   negative	   pressure	   gradient	   caused	   by	  evapotranspiration	  out	   of	   the	  plant’s	   leaves	   (Hodson	   and	  Bryant,	   2012).	  As	  water	  evaporates	  out	  of	   stomata,	  water	  molecules	  are	  subsequently	  drawn	  up	   the	  xylem	  creating	  the	  negative	  pressure.	  	  
Fungal	  Relationship	  Many	   different	   species	   of	   fungi	   can	   be	   involved	   in	  mycorrhizae,	   though	   all	  have	   a	   similar	   underground	   structure.	   The	   majority	   of	   a	   fungus	   is	   found	  underground	   in	  a	  mat	  of	   threadlike	  hyphae	  called	  mycelium,	   the	  mycelium	  can	  be	  microscopic	   or	   form	   large	   bodies	   such	   as	   mushrooms	   or	   truffles	   found	   above	  ground	   (“mycelium	   |	   fungus	   filament,”	   n.d.).	   Ectomycorrhizae	   is	   characterized	   by	  fungal	   hyphae	   that	   form	   a	   thick	   sheet	   over	   plant	   roots	   and	   may	   grow	   between	  cortical	  cells	  (Hodson	  and	  Bryant,	  2012).	  These	  are	  the	  most	  common	  associations	  in	   tree	   species.	   Endomycorrhizae	   have	   fungal	   hyphae	   that	   penetrate	   cortical	   cells	  and	  form	  vesicles	  and	  arbuscules.	  	  The	  hyphae	  do	  not	  rupture	  the	  plasma	  membrane	  upon	   penetration;	   rather	   the	   plant	   membranes	   surround	   the	   hyphae	   to	   form	  arbuscules	  (Hodson	  and	  Bryant,	  2012).	  This	  more	  invasive	  mycorrhizae	  association	  is	  much	  more	  common	  than	  ectomycorrhizae.	  	  	   The	  most	  common	  endomycorrhizae	  are	  arbuscular	  mycorrhizae.	  The	  name	  comes	  from	  structures	  called	  arbuscules	  that	  are	  tree-­‐shaped	  subcellular	  structures	  formed	  within	  plant	  cells	  (Parniske,	  2008).	  Arbuscules	  are	  not	  harmful	  to	  the	  plant.	  Infiltration	   of	   the	   root	   by	   the	   fungus	   is	   accomplished	   by	   a	   combination	   of	  mechanical	  and	  enzymatic	  cooperative	  mechanisms	  (Garg	  &	  Chandel,	  2010).	  When	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the	  root	  recognizes	  the	  hyphae,	  a	  cleft	  in	  the	  epidermal	  layer	  of	  the	  root	  opens	  and	  the	   fungus	   enters	   between	   two	   rhizodermal	   cells	   (Garg	   &	   Chandel,	   2010).	   	   See	  Figures	  11	  and	  12.	  The	  cortical	  cells	  are	  physiologically	  altered	  by	  the	  presence	  of	  arbuscules.	  The	  arbuscules	  collapse	  after	   two	   to	   four	  days	  and	  others	  will	   form	   in	  their	   place	   (Garg	   &	   Chandel,	   2009).	   The	   periarbuscular	   membrane	   is	   continuous	  with	  the	  plasma	  membrane	  of	  the	  cortical	  cells	  and	  is	  fitted	  around	  the	  arbuscules;	  this	   is	   where	   the	   transfer	   of	   water	   and	   nutrients	   is	   thought	   to	   occur	   (Garg	   &	  Chandel,	   2009).	   Aquaporin	   proteins	   embedded	   in	   membranes	   form	   pores,	   which	  allow	   water	   to	   passively	   flow	   following	   an	   osmotic	   gradient.	   These	   proteins	   are	  responsible	  for	  the	  movement	  of	  all	  water	  into	  the	  root	  and	  are	  the	  channels	  though	  which	   water	   flows	   from	   the	   arbuscules	   and	   periarbuscular	   membrane	   (Garg	   &	  Chandel,	  2009).	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Figure	   11:	   Three	   views	   of	   a	   cross	   section	   of	   plant	   root,	   illustrating	   ecto-­‐	   and	   endomycorrhizae.	   From	  
wildones.org	  
	  
Figure	  12:	  Sequence	  of	  events	  leading	  to	  the	  formation	  of	  Arbuscular	  mycorrhizae	  symbiosis.	  From	  Garg	  
and	  Chandel,	  2009).	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Mechanisms	  for	  Increased	  Absorption	  	  The	  mechanisms	  contributing	  to	  increased	  absorption	  are	  both	  physical	  and	  chemical.	  The	   increased	  root	  surface	  area	  associated	  with	  hyphae	  connections	  can	  greatly	  explain	  the	  increased	  absorption	  of	  water	  by	  mycorrhizae.	  The	  hyphae	  have	  smaller	  diameters	  (3-­‐4	  	  µm)	  than	  root	  hairs	  (>	  10	  µm),	  which	  allow	  them	  to	  access	  spaces	   between	   soil	   aggregates	   too	   small	   for	   root	   contact	   (Zeto	   &	   Clark,	   2002).	  Because	  water	   and	  nutrients	   flow	  directly	   from	   the	   soil	   though	   the	   aquaporins	   in	  root	  or	  hyphae	  membranes,	  maximizing	  surface	  area	  contributes	  to	  maximum	  water	  access.	   Hyphae	   extend	   from	   a	   few	   centimeters	   to	  meters	   from	   the	   surface	   of	   the	  root,	   and	   their	   total	   length	   can	   reach	   upwards	   of	   50	  meters	   per	  milliliter	   of	   soil,	  which	  implies	  extensive	  infiltration	  (Allen,	  1991)	  (Davies	  et	  al.,	  1996).	   	  This	  ability	  to	   access	   small	   pore	   spaces	   becomes	   increasingly	   important	   with	   decreasing	   soil	  water	  content.	  	  Fungi	  are	  also	  superior	  at	  water	  capture	  due	  to	  their	  ability	  to	  alter	  osmotic	  potential,	   a	   function	  called	  osmotic	  adjustment.	   “Osmotic	  adjustment,	  defined	  as	  a	  lowering	   of	   osmotic	   potential	   (ψπ)	   due	   to	   net	   solute	   accumulation	   in	   response	   to	  water	  stress,	  has	  been	  considered	  to	  be	  a	  beneficial	  drought	  tolerance	  mechanism	  in	  some	  crop	  species”	  (Girma	  &	  Krieg,	  1992).	  A	  fungus	  is	  better	  able	  to	  uptake	  water	  from	   soils	  with	   low	  water	  potential	   because	   of	   its	   ability	   to	   alter	   its	   own	  osmotic	  potential	   (Bárzana	  et	   al.,	   2012).	  The	  exact	   strategies	   for	   this	  phenomenon	  are	  not	  well	  understood.	  	  Because	   the	   study	   of	   mycorrhizae	   is	   challenging	   there	   is	   still	   much	  speculation	   on	   the	   causes	   and	  mechanisms	   of	   observed	   drought	   resistance.	   	   It	   is	  
	  	   29	  
hypothesized	   that	   increased	   plant	   nutrition	  may	   be	   the	   cause	   of	   this	   observation	  (Davies	  et	  al.,	  1996).	  Because	  plants	  with	  mycorrhizae	  receive	  oxygen,	  nitrogen,	  and	  phosphorus	  supplementations,	  they	  may	  be	  more	  apt	  to	  drought	  stress.	  	  
Design	  Principles	  1.	  Increased	  surface	  area	  facilities	  increased	  absorption	  of	  water	  2.	   Water	   flows	   passively	   from	   areas	   of	   high	   water	   potential	   to	   low	   water	  potential.	  Altering	  the	  water	  potential	  can	  change	  water	  flow.	  
Design	  Ideas	  	   In	  order	  to	  increase	  the	  amount	  of	  water	  absorbed	  from	  the	  soil,	  well	  design	  can	   be	   altered	   to	   mimic	   that	   of	   mycorrhizae.	   Increased	   surface	   area	   should	   be	  incorporated	   into	  well	  designs	   in	   the	   future	   to	  maximize	  uptake.	  Traditional	  wells	  are	   made	   of	   a	   single	   vertical	   shaft.	   By	   branching	   this	   shaft,	   and	   using	   pipes	   of	  decreasing	  diameter,	  the	  surface	  area	  of	  the	  well	  increases.	  	  Figure	   13	   shows	   a	   branching	   well	   with	   three	   degrees	   of	   hierarchy	   in	   the	  branching.	   Smaller	   pipes	  would	   access	  more	  water	   in	   soil	   that	   is	   held	   in-­‐between	  small	   soil	   aggregates.	   	   Although	   only	   three	   sizes	   of	   pipes	   are	   shown,	   a	   greater	  variety	   is	   possible	   and	   would	   increase	   pipe	   contact	   with	   water.	   The	   pipes	   can	  decrease	  in	  size	  by	  a	  factor	  of	  ten	  with	  each	  minimization.	  For	  example,	  the	  largest	  pipe	  measures	  40cm	  in	  diameter	  and	  subsequent	  pipes	  measure	  4cm	  and	  then	  .4cm	  in	  diameter.	  	  In	   the	   following	   illustrations	   the	   blue	   arrows	   show	   the	   direction	   of	   water	  flow	  from	  the	  soil	  into	  the	  well	  system.	  This	  is	  possible	  due	  to	  a	  pressure	  gradient.	  Water	  flows	  from	  areas	  of	  high	  pressure	  to	  low	  pressure.	  The	  pump	  at	  the	  top	  of	  the	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well	  creates	  a	  low-­‐pressure	  environment	  in	  the	  well;	  this	  causes	  water	  to	  flow	  into	  the	  well	  from	  the	  surrounding	  material.	  Figure	  14	  shows	  the	  flow	  of	  water	  into	  the	  pipes.	   In	  order	  to	  prevent	  water	  from	  flowing	  back	  into	  the	  soil	  when	  it	  has	   lower	  water	  potential	   than	   the	  well,	   one-­‐way	  valves	  will	  be	  needed.	  Figure	  15	  shows	  an	  elementary	  illustration	  of	  the	  valves.	  	  
	  
Figure	  13:	  An	  example	  of	  the	  branched	  well	  system	  with	  increased	  surface	  area.	  The	  pipes	  decrease	  in	  
size	  by	  a	  factor	  of	  ten.	  The	  blue	  arrows	  show	  the	  flow	  of	  water	  into	  the	  well	  from	  the	  soil	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Figure	  14:	  An	  illustration	  of	  water	  flowing	  into	  pipes.	  Small	  valves	  will	  be	  present	  on	  all	  pipes.	  	  
	  
Figure	   15:	   An	   illustration	   of	   a	   one-­‐way	   valve	   that	   allows	   water	   to	   flow	   in	   but	   not	   out.	   This	   will	   be	  
necessary	  when	  the	  soil	  becomes	  increasingly	  dry.	  	  A	  material	   that	   will	   hold	   water	   could	   aid	   in	   water	   absorption.	   Laying	   this	  material	  around	  the	  well	  could	  greatly	  increase	  the	  amount	  of	  water	  absorbed	  from	  the	   surrounding	   soil.	   It	   would	   be	   porous	   enough	   for	   water	   to	   be	   pulled	   through	  easily	  with	  the	  negative	  pressure	  created	  by	  a	  pump	  but	  also	  hold	  onto	  water	  when	  the	  soil	  becomes	  dry.	  Figure	  16	  shows	  how	  this	  material	  could	  be	  laid	   	  around	  the	  well	   and	   help	   absorb	   water.	   Commonly	   used	   absorbent	   polymers	   for	   water	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retention	  are	  hydrogels.	  They	  are	  able	   to	  absorb	  200	   to	  400	   times	   their	  weight	   in	  water	   (Green	   et	   al.,	   2004).	   Current	   uses	   include	   diapers	   and	   garden	  supplementation	  to	  decrease	  need	  for	  irrigation.	  	  Unfortunately,	  this	  product	  is	  not	  ideal	   for	  the	  site	  due	  to	   its	  decrease	   in	  absorption	  capacity	  over	  time	  and	  possible	  contamination	  upon	  decomposition.	  A	  material	  such	  as	  this	  with	  stable	  absorption	  and	  nonhazardous	  components	  is	  ideal.	  	  
	  
Figure	   16:	   An	   illustration	   of	   an	   absorbent	  material	   that	   could	   be	   placed	   around	   the	  well.	   The	   arrows	  
show	  the	  movement	  of	  water.	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Figure	  17	  depicts	  a	  comparison	  between	  mycorrhizae	  and	  the	  branched	  well	  system.	   Both	   exhibit	   branching	   and	   decreasing	   diameters	   of	   appendages.	   	   This	  emulation	  of	  form	  is	  biomimicry!	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  




Figure	  17:	  A	  comparison	  between	  mycorrhizae	  and	  the	  well	  system.	  A)	  An	  illustration	  of	  water	  
flowing	  from	  mycorrhizae	  into	  a	  plant	  root.	  B)	  An	  illustration	  of	  water	  flowing	  into	  mycorrhizae.	  
C)	  An	  illustration	  of	  water	  flowing	  into	  the	  well	  system.	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I	   examined	   a	   variety	   of	   strategies	   that	   xerophytes	   utilize.	   Succulent	  xerophytes	   have	   reduced	   water	   loss	   though	   their	   epidermal	   layer,	   this	   is	   due	   to	  changes	   in	   stomata	   size	   and	   density	   along	  with	   a	   thick	  wax	   cuticle	   that	   prevents	  water	   loss	   (Yancey	   et	   al.,	   1982).	   Some	   species	   of	   succulents	   can	   also	   fix	   CO2	   in	   a	  manner	  that	  prevents	  evaporation.	  It	  has	  been	  discovered	  that	  succulents	  transpire	  significantly	   less	   water	   than	   non-­‐succulent	   plants.	   This	   can	   be	   attributed	   to	   the	  adaptations	  to	  be	  explained	  below.	  	  Other,	   non-­‐succulent,	   xerophytes	   also	   respond	   to	   drought	   by	   reducing	  foliage.	  Wilting	  and	   loss	  of	   appendages	   reduces	   the	  number	  of	   active	   stomata	  and	  conserves	  other	  valuable	  resources	  (De	  Micco	  &	  Aronne,	  2012).	  	  
Anatomy	  and	  Physiology	  of	  Succulent	  Xerophytes	  	   The	   forms	  of	   succulents	  are	  quite	  distinct	   from	  those	  of	  mesophytic	  plants.	  These	  adaptations	  allow	  the	  organisms	  to	  flourish	  in	  times	  of	  low	  water	  availability.	  The	   primary	   loss	   of	   water	   for	   plants	   is	   via	   transpiration	   from	   the	   stomata.	   The	  stomata	   are	   necessary	   for	   gas	   exchange	   of	   carbon	   dioxide	   and	   oxygen.	   This	  exchange	   is	   vital	   for	   photosynthesis.	   In	   order	   to	   reduce	   the	   amount	   of	  water	   lost	  from	  stomata,	  succulents	  have	  decreased	  stomata	  size	  relative	  to	  mesophytic	  plants	  and	  a	  decreased	  number	  of	  stomata	  per	  area	  in	  times	  of	  extreme	  drought	  (De	  Micco	  &	  Aronne,	   2012)	   (Ogburn	  &	  Edwards,	   2010).	   	   A	  decrease	   in	   stomata	  number	   and	  size	  will	  directly	  affect	  the	  amount	  of	  water	  that	  is	  able	  to	  evaporate	  through	  these	  pores.	  	  	  	   There	   are	   both	   permanent	   evolutionary	   alterations	   to	   physiology	   in	  succulents	   and	   fluctuating	   characteristics	   that	   respond	   to	   drought.	   Thousands	   of	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years	  of	  evolution	  have	  led	  to	  the	  evolution	  of	  Crassulacean	  Acid	  Metabolism	  (CAM).	  CAM	  is	  a	  method	  of	  CO2	  fixation	  that	  conserves	  water.	  	  Stomata	  open	  at	  night	  when	  temperatures	   are	   cooler;	   CO2	   is	   absorbed	   and	   converted	   to	   organic	   acids	   for	  storage.	  During	  the	  day,	  the	  acids	  are	  decarboxylated	  and	  used	  in	  the	  Calvin	  cycle	  in	  the	   process	   of	   photosynthesis	   (Allaby,	   1992).	   	   This	   process	   is	   effective	   because	   it	  reduces	  the	  amount	  of	  water	  lost	  through	  the	  stomata	  during	  high	  heat	  periods.	  Many	   succulent	   xerophytes	   also	   exhibit	   pleated	   epidermal	   and	   cortical	  layers,	   commonly	   called	   ribs.	   These	   pleats	   allow	   the	   stem	   to	   expand	   with	   water	  uptake	  after	  rainfall	  and	  then	  contract	  as	  the	  water	  is	  used	  (Dimmitt,	  n.d.).	  These	  plants	  have	  also	  developed	  parenchyma	  cells	  that	  have	  a	  high	  capacity	  for	   water	   storage.	   These	   cells	   are	   usually	   large,	   have	   thin	   walls,	   and	   a	   dense	  cytoplasm	  (Evert	  &	  Eichhorn,	  2006).	  Their	  vacuoles	  fill	  with	  water	  during	  times	  of	  abundance.	   See	   Figure	   18.	  Within	   the	   cells’	   vacuoles,	   walls	   and	   protoplasts	   there	  may	   be	   a	  mucilaginous	   substance	   that	   aids	   in	  water	   retention	   (Evert	  &	   Eichhorn,	  2006).	   These	   parenchyma	   cells	   lie	   beneath	   the	   epidermis.	   Succulents	   retain	  incredible	  amount	  of	  water,	  Saguaro	  cacti	  can	  contain	  90%	  water	  (Dimmitt,	  n.d.).	  	  
	  
Figure	  18:	  Parenchyma	  cells	  shrunk	  and	  recovered	  after	  rewetting.	  From	  V.	  De	  Micco	  and	  G.	  Aronne.	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Success	  of	  Succulents	  	   D.	   J.	  Von	  Willert	  and	  his	  colleagues	  measured	  the	  transpiration	  of	  25	  plants	  over	   the	   course	   of	   six	   years	   (1992).	   	   Not	   surprisingly	   they	   found	   that	   succulent	  plants	   transpired	   less	   water	   than	   non-­‐succulents.	   The	   non-­‐succulent	   plants	  transpired,	   on	   average,	   3.91	  mmol	  H2O/m^2	   *S.	  This	   is	  4.8	   times	  higher	   than	   the	  succulents,	  which	  on	  average,	  transpired	  .8	  mmol	  H2O/m^2	  *S	  (see	  Figure	  19).	  The	  average	   transpiration	   of	   ten	  Opuntia	   taxa	  measured	   by	   Silva	   and	   Acevedo	   is	   .140	  mmol/m^2	   *S	   (Figure	   20)(1995).	   This	   is	   only	   3.5%	   of	   the	   water	   lost	   by	   non-­‐succulent	  plants!	  Clearly,	  Opuntia	  has	  succeeded	  in	  minimizing	  water	  lost.	  Opuntia	  is	  taxa	  of	  cacti	  native	  to	  the	  Americas.	  The	  species	  studied	  by	  Von	  Willert	  et	  al.	  (1992)	  were	  observed	  in	  southern	  Africa,	  therefore	  the	  differences	  in	  transpiration	  may	  not	  be	  as	  significant	  as	  the	  ones	  within	  a	  single	  study.	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Figure	  20:	  Transpiration	  for	  some	  species	  of	  Opuntia.	  From	  Silva	  and	  Acevedo,	  1995	  
Figure	  19:	  Transpiration	  of	  some	  plants	  in	  arid	  southern	  Africa.	  From	  D.J.	  Von	  Willert	  et	  al.,	  1992	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Other	  Xerophytes	  Organisms	  that	  survive	  though	  times	  of	  ample	  and	  scarce	  water	  availability	  are	   often	   able	   to	   alter	   their	   physical	   form	  with	   fluctuations	   in	   water	   availability.	  	  Leaves,	   branches,	   and	   twigs	   are	   often	   shed	   in	   times	   of	   low	  water	   availability	   (De	  Micco	   &	   Aronne,	   2012).	   	   The	   tropical	   legume	   Siratro	   spp.(xerophytic	   but	   not	   a	  succulent)	   is	   a	   good	   example.	   Plants	   experiencing	   water	   stress	   will	   drop	   leaves	  within	  two	  to	  three	  days	  of	  experienced	  drying	  and	  within	  30	  minutes	  if	  the	  leaves	  lie	   close	   to	   the	   soil.	  Older	   leaves	  will	  be	   the	   first	   to	   fall.	   (Paleg,	  Aspinall,	  &	  others,	  1981).	   A	   decrease	   in	   size	   of	   appendages	   is	   another	   common	   response	   to	   drought	  (De	  Micco	  &	  Aronne,	  2012).	  This	  physical	  transformation	  decreases	  the	  number	  of	  active	   stomata,	   which	   subsequently	   decreases	   the	   rates	   of	   transpiration	   and	  increases	  water	  use	  efficiency	  (Xu	  &	  Zhou,	  2008).	  	  
Design	  Principles	  	  	   Overall,	   succulent	   plants	   succeed	   in	   arid	   environments	   by	   reducing	   the	  amount	   of	   water	   they	   lose	   to	   the	   environment.	   It	   is	   wise	   for	   humans	   to	   likewise	  reduce	   the	   amount	   of	   water	   we	   consume	   in	   times	   of	   drought.	   	   Below	   are	   a	   few	  design	  principles	  extracted	  from	  my	  findings:	  1.	   Activity	   is	   limited	   to	   evenings	   and	   nights	   to	   reduce	   water	   lost	   via	  evaporation.	  	  2.	  Containers	  or	  bodies	  change	  in	  size	  with	  availability	  of	  water.	  3.	  Reduced	  size	  and	  density	  of	  outlets	  decreases	  the	  amount	  of	  water	  lost	  via	  evaporation.	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4.	  Appendages	  are	  cast-­‐off	   in	  times	  of	   low	  water	  availability.	  This	   limits	  the	  areas	  of	  water	  loss	  and	  saves	  energy.	  	  
Design	  Ideas	  	  	   There	  are	  many	   lessons	   to	  be	   learned	   from	  xerophytes	  but	   the	  principle	  of	  reduced	  outlet	  size	  could	  be	  successfully	  and	  cheaply	  incorporated	  into	  upgrades	  of	  the	  Prospector	  Campground.	  By	  limiting	  the	  amount	  of	  water	  available	  to	  campers	  at	  a	  given	  time,	  the	  overall	  use	  is	  likely	  to	  decline.	  	  Exchanging	  current	  aerators	  on	  spigots	  for	  lower	  flow	  aerators	  would	  decrease	  the	  amount	  of	  water	  used.	  Campers	  would	   almost	   certainly	   be	   more	   conscious	   of	   their	   water	   use	   if	   filling	   pots	   and	  bottles	  of	  water	  took	  an	  unexpected	  and	  perhaps	  unreasonable	  amount	  of	  time.	  The	  succulents	   transpired	  an	  astounding	  96%	   less	  water	   than	  non-­‐succulents.	  While	   a	  96%	   reduction	   in	   flow	   is	   not	   advisable,	   perhaps	   a	   48%	   reduction	   in	   flow	   is	  reasonable.	  	  This	  change	  would	  be	  simple	  and	  low	  cost.	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Conclusions	  
I	   proposed	   two	   ways	   to	   improve	   the	   water	   system	   at	   the	   Prospector	  Campground.	  These	  suggestions	  were	  inspired	  by	  the	  mycorrhizae	  and	  xerophytes	  that	  I	  studied.	  	  As	   the	   Forest	   Service	   considers	   installing	   another	   well	   they	   should	   take	  surface	  area	  into	  consideration.	  A	  branched	  well	  would	  increase	  access	  to	  water	  in	  the	  soil	  and	  provide	  more	  water	  to	  campers.	  This	  installation	  would	  require	  careful	  placement	  in	  an	  area	  of	  high	  water	  infiltration.	  	  As	  my	   research	  progressed	   I	   realized	   that	  plants	  most	  often	   react	   to	  water	  shortages	   by	   reducing	   use.	   The	   clearest	   biomimicry	  message	   is	   that	   people	  must	  reduce	   their	  water	   consumption	   in	   times	  of	  drought.	  Educating	  campers	  on	  water	  conservation	  and	  reducing	  the	  amount	  of	  water	  available	  to	  them	  is	  vital.	  Changing	  the	   aerators	   on	  water	   spigots	   is	   a	   simple,	   inexpensive	   way	   to	   accomplish	   this.	   	   I	  would	  suggest	   immediately	  changing	  the	  aerators	  and	  as	   funds	  and	  need	  to	   install	  another	  well	  arise,	  a	  branched	  well	  system	  should	  be	  considered.	  	  Another	  important	  biomimicry	  principle	  that	  is	  often	  overlooked	  is	  the	  use	  of	  sunlight	  to	  power	  the	  natural	  world.	  It	  is	  advisable	  to	  utilize	  solar	  energy	  to	  run	  the	  pumps	  at	  the	  campsite.	  This	  will	  reduce	  the	  amount	  of	  fossil	  fuels	  burned	  to	  access	  water	  and	  make	  a	  statement	  about	  the	  Forest	  Service’s	  desire	  for	  sustainable	  living.	  This	  work	  has	  summarized	  the	  strategies	  for	  water	  collection	  and	  use	  found	  to	  be	  successful	  over	  thousands	  of	  years.	  My	  desire	  is	  for	  these	  organisms	  and	  this	  thesis	   to	   inspire	   designers	   and	   engineers	   to	   create	   new,	   efficient,	   low	   impact	  upgrades	  for	  the	  Prospector	  Campground.	  A	  successful	   improvement	  project	  could	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be	   scaled	   to	   many	   other	   campsites	   and	   increase	   the	   credibility	   and	   use	   of	  biomimicry	  as	  a	  tool	  for	  design.	  	  I	  would	  also	  advise	  engineers	  and	  designers	   to	  consider	  many	  other	  design	  methods.	   Permaculture	   and	   low	   impact	   design	   (LID)	   are	   useful	   systems	   to	  incorporate.	   They	  would	   encourage	   looking	   at	   rainwater	   runoff	   from	  parking	   lots	  and	  roofs	  as	  well	  as	  increasing	  infiltration	  to	  aquifers	  with	  vegetation.	  	  
	  	   	  
	  	   42	  
Bibliography	  	  
Allaby, M. (Ed.). (1992). The Concise Oxford dictionary of botany. Oxford [England]  ; New York: Oxford 
University Press. 
 
Allen, M. F. (1991). The Ecology of Mycorrhizae. Cambridge University Press. 
 
Auge, R. M. (2001). Water relations, drought and vesicular-arbuscular mycorrhizal symbiosis. Mycorrhiza, 
11(1), 3–42. http://doi.org/10.1007/s005720100097 
 
Auge, R. M., Schekel, K. A., & Wample, R. L. (1986). Osmotic Adjustment in Leaves of VA Mycorrhizal and 
Nonmycorrhizal Rose Plants in Response to Drought Stress. PLANT PHYSIOLOGY, 82(3), 765–770. 
http://doi.org/10.1104/pp.82.3.765 
 
Bárzana, G., Aroca, R., Paz, J. A., Chaumont, F., Martinez-Ballesta, M. C., Carvajal, M., & Ruiz-Lozano, J. M. 
(2012). Arbuscular mycorrhizal symbiosis increases relative apoplastic water flow in roots of the host plant 
under both well-watered and drought stress conditions. Annals of Botany, mcs007. 
http://doi.org/10.1093/aob/mcs007 
 
Beentje, H. (2010). The Kew Plant glossary: an illustrated dictionary of plant terms. Richmond, Surrey: Kew. 
 
Benyus, J. M. (2002). Biomimicry: innovation inspired by nature. New York: Perennial. 
 
Colorado: Water woes at Summit County’s campgrounds. (n.d.). Retrieved from 
http://summitcountyvoice.com/2012/06/21/colorado-water-woes-at-summit-countys-campgrounds/ 
 
Constructed Treatment Wetlands. (2004, August). United States Environmental Protection Agency. Retrieved 
from http://www.epa.gov/owow/wetlands/pdf/ConstructedW.pdf 
 
Davies, F. (n.d.). Mycorrhizal Effects on Host Plant Physiology. Retrieved January 28, 2015, from http://aggie-
horticulture.tamu.edu/faculty/davies/research/mycorrhizae.html 
 
Davies, F., Potter, J., & Linderman, R. (1993). Drought Resistance of Mycorrhizal Pepper Plants Independent of 
Leaf P-Concentration - Response in Gas-Exchange and Water Relations. Physiologia Plantarum, 87(1), 
45–53. http://doi.org/10.1111/j.1399-3054.1993.tb08789.x 
 
Davies, F. T., Svenson, S. E., Cole, J. C., Phavaphutanon, L., Duray, S. A., OlaldePortugal, V., … Bo, S. H. 
(1996). Non-nutritional stress acclimation of mycorrhizal woody plants exposed to drought. Tree 
Physiology, 16(11-12), 985–993. 
 
Davtalab, R., Salamat, A., & Oji, R. (2013). Water Harvesting from Fog and Air Humidity in the Warm and 
Coastal Regions in the South of Iran. Irrigation and Drainage, 62(3), 281–288. 
http://doi.org/10.1002/ird.1720 
 
De Micco, V., & Aronne, G. (2012). Morpho-Anatomical Traits for Plant Adaptation to Drought. In R. Aroca 
(Ed.), Plant Responses to Drought Stress (pp. 37–61). Berlin, Heidelberg: Springer Berlin Heidelberg. 
Retrieved from http://link.springer.com/10.1007/978-3-642-32653-0_2 
 
De Pauw, I. C., Karana, E., Kandachar, P., & Poppelaars, F. (2014). Comparing Biomimicry and Cradle to Cradle 
with Ecodesign: a case study of student design projects. Journal of Cleaner Production, 78, 174–183. 
http://doi.org/10.1016/j.jclepro.2014.04.077 
 
Dimmitt, M. (n.d.). Carnegiea gigantea: ASDM Sonoran Desert Digital Library. Retrieved March 14, 2015, from 
http://www.desertmuseumdigitallibrary.org/public/detail.php?id=ASDM01394 
 
	  	   43	  
Dizikes, P. (2011, April 21). Out of thick air. Retrieved November 3, 2014, from 
http://newsoffice.mit.edu/2011/fog-harvesting-0421 
D.J. Von Willert, Eller, B. M., Werger, M. J. ., Brinckmann, E., & Ihlenfeldt, H. D. (1992). Life Strategies of 
Succulents in Deserts: With Special Reference to the Namib Desert. CUP Archive. 
 
Domen, J. K., Stringfellow, W. T., Camarillo, M. K., & Gulati, S. (2014). Fog water as an alternative and 
sustainable water resource. Clean Technologies and Environmental Policy, 16(2), 235–249. 
http://doi.org/10.1007/s10098-013-0645-z 
 
Dong, H., Wang, N., Wang, L., Bai, H., Wu, J., Zheng, Y., … Jiang, L. (2012). Bioinspired Electrospun Knotted 
Microfibers for Fog Harvesting. Chemphyschem, 13(5), 1153–1156. 
http://doi.org/10.1002/cphc.201100957 
 
Dorrer, C., & Ruehe, J. (2008). Mimicking the stenocara beetle-dewetting of drops from a patterned 
superhydrophobic surface. Langmuir, 24(12), 6154–6158. http://doi.org/10.1021/la800226e 
 
Drouant, N., Rondeau, E., Georges, J.-P., & Lepage, F. (2014). Designing green network architectures using the 
ten commandments for a mature ecosystem. Computer Communications, 42, 38–46. 
http://doi.org/10.1016/j.comcom.2014.01.005 
 
Egerton-Warburton, L. M., Querejeta, J. I., & Allen, M. F. (2007). Common mycorrhizal networks provide a 
potential pathway for the transfer of hydraulically lifted water between plants. Journal of Experimental 
Botany, 58(6), 1473–83. http://doi.org/http://0-dx.doi.org.libraries.colorado.edu/10.1093/jxb/erm009 
 
Evert, R. F., & Eichhorn, S. E. (2006). Esau’s Plant Anatomy: Meristems, Cells, and Tissues of the Plant Body: 
Their Structure, Function, and Development, 3rd Edition (3 edition). Hoboken, N.J: Wiley-Liss. 
 
F.T. Davies, Potter, J. J. R., & Linderman, R. G. (1992). Mycorrhiza and Repeated Drought Exposure Affect 
Drought Resistance and Extraradical Hyphae Development of Pepper Plants Independent of Plant Size and 
Nutrient Content. Plant Physical, 139, 289–294. 
 
Garg, N., & Chandel, S. (2010). Arbuscular mycorrhizal networks: Process and functions. A review. Agronomy 
for Sustainable Development, 30(3), 581–599. http://doi.org/http://0-
dx.doi.org.libraries.colorado.edu/10.1051/agro/2009054 
 
Garrod, R. P., Harris, L. G., Schofield, W. C. E., McGettrick, J., Ward, L. J., Teare, D. O. H., & Badyal, J. P. S. 
(2007). Mimicking a stenocara beetle’s back for microcondensation using plasmachemical patterned 
superhydrophobic-superhydrophilic surfaces. Langmuir, 23(2), 689–693. http://doi.org/10.1021/la0610856 
 
Girma, F. S., & Krieg, D. R. (1992). Osmotic Adjustment in Sorghum. Plant Physiology, 99(2), 577–582. 
 
Glasser, S. P. (1996). USDA - Forest Service policy on water rights. National Hydrology Workshop Proceedings 
- Watersheds in the Nineties, 279, 108–112. 
 
Glasser, S. P. (2005). History of watershed management in the US Forest Service: 1897-2005. Journal of 
Forestry, 103(5), 255–258. 
 
Green, C. H., Foster, C., Cardon, G. E., Butters, G. L., Brick, M., & Ogg, B. (2004). Water release from cross-
linked polyacrylamide. In Conf. Proc. Annu. Hydrol. Days, 24th, Ft. Collins, CO (pp. 10–12). Retrieved 
from http://hydrologydays.colostate.edu/papers_2004/green_paper.pdf 
 
G:\WD\WSSPB\Fact Sheets\Constru - ConstructedW.pdf. (n.d.-a). Retrieved from 
http://www.epa.gov/owow/wetlands/pdf/ConstructedW.pdf 
 
Han, H., & Felker, P. (1997). Field validation of water-use efficiency of the CAM plant Opuntia ellisiana in south 
Texas. Journal of Arid Environments, 36(1), 133–148. http://doi.org/10.1006/jare.1996.0202 
 
	  	   44	  
Harb, A., Krishnan, A., Ambavaram, M. M. R., & Pereira, A. (2010). Molecular and Physiological Analysis of 
Drought Stress in Arabidopsis Reveals Early Responses Leading to Acclimation in Plant Growth. Plant 
Physiology, 154(3), 1254–1271. http://doi.org/10.1104/pp.110.161752 
 
Heng, X., Xiang, M., Lu, Z., & Luo, C. (2014). Branched ZnO Wire Structures for Water Collection Inspired by 
Cacti. Acs Applied Materials & Interfaces, 6(11), 8032–8041. http://doi.org/10.1021/am4053267 
 
Hooked on Innovation. (n.d.). Retrieved from http://www.wipo.int/ipadvantage/en/details.jsp?id=2658 
 
Imhof, E. (1975). Positioning Names on Maps. The American Cartographer, 2(2), 128–144. 
http://doi.org/10.1559/152304075784313304 
 
ISP Eco (Intercept, Store and Prevent). (n.d.). Retrieved November 14, 2014, from 
http://2012.biomimicrydesignchallenge.com/gallery/entry/86 
 
Kramer, P. J. (1937). The Relation Between Rate of Transpiration and Rate of Absorption of Water in Plants. 
American Journal of Botany, 24(1), 10–15. http://doi.org/10.2307/2436949 
 
Lazaris, A., Arcidiacono, S., Huang, Y., Zhou, J. F., Duguay, F., Chretien, N., … Karatzas, C. N. (2002). Spider 
silk fibers spun from soluble recombinant silk produced in mammalian cells. Science, 295(5554), 472–476. 
http://doi.org/10.1126/science.1065780 
 
Lee, A., Moon, M.-W., Lim, H., Kim, W.-D., & Kim, H.-Y. (2012). Water harvest via dewing. Langmuir, 28(27), 
10183–10191. http://doi.org/10.1021/la3013987 
 
Lehto, T. (1992). Mycorrhizas and drought resistance of Picea sitchensis (Bong.) Carr. New Phytologist, 122(4), 
661–668. http://doi.org/10.1111/j.1469-8137.1992.tb00094.x 
 
Ludlow, M. (1989). Strategies of Response to Water-Stress. (K. Kreeb, H. Richter, & T. Hinckley, Eds.). The 
Hague: S P B Academic Publ. 
 
Malik, F. T., Clement, R. M., Gethin, D. T., Krawszik, W., & Parker, A. R. (2014). Nature’s moisture harvesters: 
a comparative review. Bioinspiration & Biomimetics, 9(3). http://doi.org/10.1088/1748-3182/9/3/031002 
 
Monson, R., Sackschewsky, M., & Williams, G. (1986). Field-Measurements of Photosynthesis, Water-Use 
Efficiency, and Growth. Oecologia, 68(3), 400–409. http://doi.org/10.1007/BF01036746 
mycelium | fungus filament. (n.d.). Retrieved January 28, 2015, from 
http://www.britannica.com/EBchecked/topic/400221/mycelium 
 
Nehls, U., & Dietz, S. (2014). Fungal aquaporins: cellular functions and ecophysiological perspectives. Applied 
Microbiology and Biotechnology, 98(21), 8835–51. http://doi.org/http://0-
dx.doi.org.libraries.colorado.edu/10.1007/s00253-014-6049-0 
 
NIKOLAOU, N., ANGELOPOULOS, K., & KARAGIANNIDIS, N. (2003). Effects of Drought Stress on 
Mycorrhizal and Non-Mycorrhizal Cabernet Sauvignon Grapevine, Grafted Onto Various Rootstocks. 
Experimental Agriculture, 39(3), 241–252. 
 
Ogburn, R. M., & Edwards, E. J. (2010). The Ecological Water-Use Strategies of Succulent Plants. In J. C. Kader 
& M. Delseny (Eds.), Advances in Botanical Research, Vol 55 (Vol. 55, pp. 179–225). London: Academic 
Press Ltd-Elsevier Science Ltd. 
 
Paleg, L. G., Aspinall, D., & others. (1981). The physiology and biochemistry of drought resistance in plants. 
Academic Press. Retrieved from http://www.cabdirect.org/abstracts/19820307566.html 
 
Parniske, M. (2008). Arbuscular mycorrhiza: the mother of plant root endosymbioses. Nature Reviews 
Microbiology, 6(10), 763–775. http://doi.org/10.1038/nrmicro1987 
	  	   45	  
Patek, S. N. (2014). Biomimetics and evolution. Science, 345(6203), 1448–1449. 
http://doi.org/10.1126/science.1256617 
 
Pawlyn, M. (2011). Biomimicry in architecture. London: Riba Publishing. 
 
Perez-Rigueiro, J., Elices, M., Plaza, G. R., Guinea, G. V., Corsini, P., & Marsano, E. (2009). Spider silk as an 
inspiration for biomimicking. In P. Vincenzini & S. Graziani (Eds.), Mining Smartness from Nature (Vol. 
58, pp. 1–9). 
 




Qiangsheng, W., & Renxue, X. (2006). Effects of arbuscular mycorrhizal fungi on leaf solutes and root 
absorption areas of trifoliate orange seedlings under water stress conditions. Frontiers of Forestry in China, 
1(3), 312–317. http://doi.org/http://0-dx.doi.org.libraries.colorado.edu/10.1007/s11461-006-0035-3 
 
Raven, P. H. (1981). Biology of Plants. Worth Publishers, INC. 
 
Read, D. (1991). Mycorrhizas in Ecosystems. Experientia, 47(4), 376–391. http://doi.org/10.1007/BF01972080 
 
Reed, P. A. (2003). A Paradigm Shift: Biomimicry. Technology Teacher, 63(4), 23–27. 
 
Region 2 - Home. (n.d.). Retrieved October 24, 2014, from http://www.fs.usda.gov/main/r2/home 
s11.pdf. (n.d.).  
 
Silva, H., & Acevedo, E. (1995). Water-Use Efficiency of 10 Taxa of Opuntia Established in the Arid 
Mediterranean Region of Chile. Revista Chilena De Historia Natural, 68(3), 271–282. 
 
Simard, S. W., & Durall, D. M. (2004). Mycorrhizal networks: a review of their extent, function, and importance. 
Canadian Journal of Botany/Revue Canadienne de Botanique, 82(8), 1140–1165. http://doi.org/http://0-
dx.doi.org.libraries.colorado.edu/10.1139/b04-116 
 
Snodgrass, K. (2007, September). Water Use in Forest Service Recreation Areas: Guidelines for Water System 
Designers. United States Department of Agriculture- Forest Service. 
 
Stanton, D. E., & Horn, H. S. (2013). Epiphytes as “filter-drinkers”: life-form changes across a fog gradient. 
Bryologist, 116(1), 34–42. http://doi.org/10.1639/0007-2745-116.1.034 
 
Still no water at most Summit County campgrounds. (n.d.). Retrieved from 
http://summitcountyvoice.com/2010/06/19/still-no-water-at-most-summit-county-campgrounds/ 
 
Summers, A. (2004, February). Like Water off a Beetle’s Back. 
 
Summit County, CO Weather. (n.d.). Retrieved March 6, 2015, from http://www.usa.com/summit-county-co-
weather.htm 
 
The Amazon Mycorenewal Project. (n.d.). Retrieved November 13, 2014, from http://amazonmycorenewal.org/ 
 
Tian, M., Chen, Y., Li, M., & Liu, R. (2013). [Structure and function of arbuscular mycorrhiza: a review]. Ying 
yong sheng tai xue bao = The journal of applied ecology / Zhongguo sheng tai xue xue hui, Zhongguo ke 
xue yuan Shenyang ying yong sheng tai yan jiu suo zhu ban, 24(8), 2369–2376. 
Van der Lugt, P., van den Dobbelsteen, A. A. J. F., & Janssen, J. J. A. (2006). An environmental, economic and 
practical assessment of bamboo as a building material for supporting structures. Construction and Building 
Materials, 20(9), 648–656. http://doi.org/10.1016/j.conbuildmat.2005.02.023 
 
	  	   46	  
Vasu, R. (2013). Biomimicry: On the Frontiers of Design. Vilakshan: The XIMB Journal Of Management, 10(2), 
139–148. 
 
Vincent, J. F. V. (2009). Biomimetics — a review. Proceedings of the Institution of Mechanical Engineers, Part 
H: Journal of Engineering in Medicine, 223(8), 919–939. http://doi.org/10.1243/09544119JEIM561 
 
Volstad, N. L., & Boks, C. (2012). On the use of Biomimicry as a Useful Tool for the Industrial Designer: 
Biomimicry as a Tool for the Industrial Designer. Sustainable Development, 20(3), 189–199. 
http://doi.org/10.1002/sd.1535 
 
Water Use in Forest Service Recreation Areas: Guidelines for Water System Designers. (n.d.). Retrieved from 
http://www.fs.fed.us/t-d/pubs/pdfpubs/pdf07732326/pdf07732326dpi72.pdf 
 
White, K. H., & Soward, L. (2007, January). Harvesting, Storing, and Treating Rainwater for Domestic Indoor 
Use. Texas Commission on Environmental Quality. 
 
White River National Forest. (n.d.). Retrieved March 6, 2015, from 
http://www.fs.usda.gov/main/whiteriver/home 
 
Xu, Z., & Zhou, G. (2008). Responses of leaf stomatal density to water status and its relationship with 
photosynthesis in a grass. Journal of Experimental Botany, 59(12), 3317–3325. 
http://doi.org/10.1093/jxb/ern185 
 
Yoder, T. J. (n.d.). Post the Ninety-Fifth: The Miracle of the Bromeliad. Retrieved from 
http://madamedelyte.com/2013/08/23/endless-wonder/ 	  
